Introduction
Although water is a fundamental constituent of our biosphere, characterization of some of its most basic properties remains a formidable challenge. Most applications of magnetic resonance imaging (MRI), both in vitro and in vivo, are based on observing the magnetization of the two hydrogen nuclei of water. This is actually limited to the observation of ortho-water. If the populations of the three symmetrical states deviate from Boltzmann equilibrium, they rapidly recover through longitudinal spinlattice relaxation with a time constant T 1 , which is typically on the order of 10 s in neat water. So far, neither NMR nor MRI has been able to exploit the properties of the invisible singlet state S 0 , also known as para-water, by analogy to para-hydrogen.
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The following linear combination of populations: 
where: is equivalent to a ''Triplet-Singlet Imbalance'' (henceforth TSI), in analogy to the expression coined by Meier et al. 3 for the ''A/E imbalance'' in 13 CH 3 groups, which refers to a population imbalance between symmetric and antisymmetric states belonging to the irreducible representations A and E of methyl groups. An A/E imbalance can be induced by cooling down to ca. 1 K molecules such as g-picoline that contain methyl groups characterized by very low rotational barriers. [3] [4] [5] [6] [7] [8] In the high-temperature approximation, i.e., at spin temperatures above a few degree Kelvin, the distribution between para-and ortho-water is given by the ratio 1 : 3. If this ratio is perturbed, as we shall demonstrate in this paper, the resulting TSI in eqn (1) should have a lifetime that might be much longer than the spin-lattice relaxation time (T TSI 4 T 1 ). This is analogous to molecules that contain two magnetically inequivalent protons that can sustain a Long-Lived State (LLS). 9 Such an LLS can preserve spin order over periods that are much longer than T 1 . In 12 CH 2 groups, for instance, we have shown that one can have lifetimes with ratios T TSI /T 1 4 36. 10 The LLS can be prepared by several NMR techniques at room temperature 10, 11 or by DNP at low temperature. 12 Optimization of nearly-symmetric molecules comprising pairs of 13 C nuclei has led to very long lifetimes in solution that can exceed one hour at room temperature. 13 Another intriguing feature of the LLS is that they can be used to improve the sensitivity of drug screening experiments. [14] [15] [16] In the past, several studies have focused on the isolation of para-water and the characterization of its long-lived behavior. 17 In crystal water trapped in gypsum (CaSO 4 Á2H 2 O), Pake found evidence of isolated pairs of protons. 18 At T o 100 K, the water molecules trapped in gypsum crystals cannot flip around their two-fold symmetry axis. As a result, the two protons may be at unequal distances from other protons belonging to remote hydration water molecules. Thus the two protons may experience different intermolecular dipolar couplings, and their magnetic equivalence can be lifted. It is therefore possible to populate the antisymmetric state. Eisendrath, Stone and Jeener 19, 20 characterized para-water in solid gypsum. More recently, the separation of ortho-and para-water has been achieved in molecular beams travelling through inhomogeneous magnetic fields, 21 where a beam of ortho-water can be deflected and refocused in the manner of the Stern-Gerlach experiment, or in inhomogeneous electric fields. 22 These methods can produce a large TSI but only for very small quantities of water. Isomer enrichment of H 2 O in bulk, by means of absorption in column chromatography, has been proposed 23 and later challenged. 24 In other studies, the interconversion between paraand ortho-isomers was achieved by isolating water molecules in frozen inert gases [25] [26] [27] or by trapping them in C 60 cages. 28 In the latter case, the conversion has been monitored by a combination of infrared spectroscopy, inelastic neutron scattering and cryo-MAS NMR spectroscopy. 29 This allows one to study ortho-para conversion rates 30 of isolated water molecules. However, the confinement in C 60 cages prevents one from monitoring interactions with surrounding molecules. In this work we shall discuss the possibility of preparing samples of non-confined water characterized by a significant TSI at concentrations on the order of a few mM. Our approach is similar to our strategy for preparing hyperpolarized paraethanol 31 and para-fumarate.
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Methodology
Our approach involves three consecutive steps.
Step 1 -preparing a TSI
A flow of populations between the triplet and singlet energy levels in water cannot be induced by intramolecular dipoledipole (DD) interactions between the two protons belonging to the same water molecule, although it may be induced by intermolecular dipole-dipole (DD) interactions 19, 20 or by the proton chemical shift anisotropy (CSA) in the condensed phase.
In liquid H 2 O diluted in D 2 O at 300 K, the CSA has been determined to be 28 ppm. 33 In gypsum, the proton CSA of the (hopping) water molecules has been determined to be 10 ppm at 300 K. 34 The proton CSA of the hopping water molecules in Ba(ClO 3 ) 2 ÁH 2 O has also been determined to be 10 ppm at 300 K. 35 In glassy frozen solutions, the symmetry of the two protons in each H 2 O molecule is broken by the anisotropy of the chemical shifts, except for some particular orientations, so that the singlet state |S 0 i is mixed with the central triplet state |T +1 i. Depending on the coupling between the rotational and Zeeman energy levels, two situations can occur. If the energy levels are primarily determined by the rotational quantum numbers, as in the gas phase 36 or C 60 cages (where the rotational levels typical for the gas phase remain a good approximation), the singlet state S 0 has the lowest energy. On the other hand, if rotational quantization can be neglected, the ground state is |aai = |T +1 i which belongs to the triplet manifold. In our samples, the rotation of water is believed to be hindered by hydrogen bonding with other water and/or solvent molecules. Thus, when H 2 O molecules are diluted in a deuterated aprotic solvent, doped with a radical and frozen at low temperatures in a high magnetic field, DNP can be used to achieve a TSI. The ESR transitions of the radical can be saturated by microwave irradiation to populate mostly the |aai = |T +1 i state (Fig. 1A) . During dissolution, the magnetic equivalence of the two protons in each H 2 O molecule is restored. Hence, our strategy should lead to an excess of the average population of the three triplet states compared to the population of the singlet state (Fig. 1B) . This amounts to a TSI. If its life-time is longer than T 1 , this may be considered as the hallmark of para-water.
Step 2 -protecting the TSI during transfer
After rapid heating of the sample by injection of a hot aprotic solvent, the sample can be transferred 37 to an NMR or MRI system. Longitudinal T 1 relaxation in a few seconds leads to the return of the triplet manifold to Boltzmann equilibrium at room temperature (Fig. 1C) . However, T 1 relaxation does not affect the TSI, so that the singlet state remains depleted. On a longer time-scale T TSI , the populations of the triplet and singlet states will return to their Boltzmann equilibrium (Fig. 1D ).
In the dissolution step, all relaxation mechanisms that could
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reduce T TSI must be kept under control. The radicals can be eliminated by chemical reduction with scavengers such as ascorbate. 38 Alternatively, porous solids containing covalently bound radicals can be filtered after dissolution. 39 Spin rotation (SR) is another mechanism that could cause losses of the TSI. SR is due to the coupling between the nuclear spins and the molecular magnetic dipole induced by the electric dipole moment of the H 2 O molecule as it undergoes rotational diffusion. The SR mechanism of ortho-para conversion has been intensively studied. 40, 41 Indeed, in the gas phase, 42,43 the longitudinal relaxation times were found to be on the order of T 1 = 20 ms near 0.1 MPa and 373 K at 800 MHz. We believe however that SR is not an efficient mechanism for H 2 O in the condensed phase where collisions on the atomic scale should make SR ineffective. This should also be the case when the rotation of a H 2 O molecule is hindered because it is trapped in a cage of an aprotic solvent. Finally, one should pay attention to the exchange of protons between different water molecules. In other words, the lifetime t EX = 1/k EX of a water molecule as a molecular entity has to be longer than the lifetime of the TSI. Since the latter lifetime is unknown, the best option is to slow down the proton exchange as much as possible. In pure water the lifetime of proton exchange has been assessed to be t EX E 1 ms by studying either linewidths in proton spectra 44 or intensities of 17 O lines with and without proton decoupling. 45, 46 However, it can be shown by EXSY 47 that dilution in aprotic solvents can effectively slow down the exchange of protons and thus extend t EX . This approach should help to preserve the TSI and thus the lifetime of para-water.
Step 3 -detecting TSI relaxation
To detect the relaxation of the TSI, at least four distinct approaches can be used. (i) Direct detection by infrared (IR) spectroscopy relies on the fact that ortho-and para-water give rise to distinct IR absorption bands in the gas phase. 29, 36 However, in the condensed phase, in particular, when water is diluted in aprotic solvents, we found that the IR signatures are difficult to identify. C NMR. For this strategy to be successful, the reactivity of water molecules has to fulfill three requirements that are partly contradictory: (a) the water must be sufficiently diluted so that intermolecular 1 H exchange is slowed down; (b) the rate of the chemical addition that is used to reveal the presence of para-water must be faster than the relaxation of the TSI; and (c) the two protons that are added onto the substrate must stem from the same water molecule. Our kinetic measurements show that, under suitable conditions, these requirements may indeed be satisfied.
Results and discussion
Step 1 -preparing a TSI Unlike Jeener and coworkers 19, 20 who postulated that the two protons of a H 2 O molecule can have different environments because of intermolecular dipole-dipole interactions in a magnetic field of 0.7 T, we shall assume that the proton chemical shift anisotropy (CSA) makes significant contributions to the breaking of the symmetry at 6.7 T. We diluted water in deuterated dimethylsulfoxide (DMSO-d 6 ), doped it with ca. 50 mM TEMPOL radicals and froze it to form a glassy state at ca. 1.2 K and 6.7 T. In Fig. 2 we can see proton spectra before (A) and after (B) saturation of the ESR transitions by microwave irradiation at 187.9 GHz with frequency modulation. 50 The shielding ellipsoids have their main components aligned along the OH bonds. A realistic pulse was used, with an rf-field strength n 1 = 50 kHz and nutation angles b = 901 and 1.81, in Fig. 2C and D, respectively. The initial density operator was either r(0) = I Z + S Z to describe the high-temperature approximation (Fig. 2C) or r(0) = (1/2)[1/2E + I Z + S Z + 2I Z S Z ] which corresponds to a pure state where only the lowest-lying state is populated at very low spin temperatures (Fig. 2D) . The experimental spectra in Fig. 2A and B have larger linewidths than the simulated spectra in Fig. 2C and D: this can be ascribed to the presence of paramagnetic species in solution (TEMPOL) and to intermolecular dipolar couplings that were not considered in the simulations. Finally this evidence suggests that DNP indeed allows one to drive the populations towards the lowest-lying state: since there is some mixing between the central triplet state and the singlet state, a very low spin temperature (on the order of 10 mK in our experiments) is sufficient to generate a TSI.
Proton exchange in water could represent the major source of losses of TSI in our experiment. Hence, we studied the exchange in water in bulk and dilute solutions. The combined effects of proton exchange and proton T 1 relaxation on the transverse T 2 relaxation of 17 O nuclei in H 2
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O can be characterized by using multiple refocusing of transverse 17 O magnetization in the manner of Carr, Purcell, Meiboom and Gill (CPMG). One may compare 17 O echo decays in the presence or absence of proton decoupling, in analogy with a similar work carried out on 15 N. 45, 46 Our observations shown in Fig. 3 are in agreement with pioneering studies by Meiboom. 44 We measured lifetimes t EX = 1/k EX of a few milliseconds in pure water at pH 5.93 and different temperatures. The lifetime of pure water as a molecular entity is clearly too short for our purposes but, as mentioned above, dilution in aprotic solvents can be used to extend this lifetime. In dilute solutions, the proton spectra of mixtures of H 2 O and HDO feature two distinct resonances. In order to observe HDO triplets due to O) = 12.5 ms. Slow exchange rates can be quantified using selective 1D or 2D exchange spectroscopy (EXSY). 47 The pulse sequence used is shown in Fig. 5 . Our samples consisted of a mixture of H 2 O, HDO and D 2 O diluted in various organic solvents at different concentrations (see Table 1 and Fig. 4 were increased with respect to other solvents since, at low concentrations, the proton exchange was too slow to be monitored via 1D-EXSY. Proton exchange rates as a function of temperature at pH = 5.93 were extracted from ratios of peak heights of oxygen-17 echoes observed without and with proton decoupling. 45, 46 The lifetimes t EX = 1/k EX range from 3.6 to 0.9 ms between 275 and 310 K. The build-up and decay curves shown in Fig. 5 can be fitted to the following functions (see the Appendix for details):
The parameters a, R eff and k EX have been determined by global fitting to the curves in Fig. 5 and are shown in Table 1 .
The rates R 1 = 1/T 1 of H 2 O have been determined experimentally by inversion recovery (see Table 2 ). R eff is an average of R 1 (H 2 O) and R 1 (HDO) weighted by their concentrations. Hence, a comparison between R eff in Table 1 and R 1 in Table 2 can only be qualitative because of different experimental conditions. However, in most cases the values are similar. In order to facilitate comparisons, in Table 1 we estimated the lifetimes for a concentration [H 2 O] + [HDO] = 50 mM, assuming that the rates vary linearly with concentration. 49 It is evident that, at concentrations below 50 mM, dioxane allows one to extend the lifetime of water as a molecular entity up to a few minutes. Dioxane, therefore, seems a good solvent for dissolution DNP. However, it has a much higher viscosity and lower heat capacity than water, so that our dissolution apparatus has to be re-designed thoroughly.
Step 3 -detecting TSI relaxation ), a reaction that is catalyzed by fumarase. In our work on para-ethanol, 31 instead, the detection was possible, without any chemical reactions, by monitoring non-binomial multiplets in an AX 2 system. Following a suggestion by Jean-Maurice Mallet we have explored the addition of water (though not yet of para-water) on aldehydes, i.e., RCHO + H 2 O -RCH(OH) 2 . The CQO double bond of the aldehyde can be activated by substituents such as R = CCl 3 , as in chloral (CCl 3 CHO, see Fig. 6 ). When the reaction is carried out in a dilute solution in acetonitrile, the two water protons (highlighted by stars in Fig. 6 ) may be assumed to end up on the same hydrate molecule. The two OH protons that stem from [bottom] Typical build-up and decay curves measured using 1D-EXSY experiments used for the measurement of the lifetime of water as a molecular entity, when diluted in aprotic solvents (acetonitrile-d 3 in this example). Red squares and orange triangles represent intensities of diagonal peaks of H 2 O and HDO, respectively; green circles describe magnetization transfer from HDO to H 2 O, while blue rhombi describe the reverse reaction. The rates measured for different solvents are reported in Table 1 . para-water give rise to degenerate doublets in the vicinity of 6.4 ppm. The lone proton near 5.3 ppm that stems from the aldehyde gives rise to a triplet due to two equal long-range couplings 3 J HH E 6 Hz to the two OH protons. Clearly, as discussed above, deviations from the binomial 1 : 2 : 1 distribution of this triplet can be used for a quantitative determination of the TSI. 31 The relative intensities of the lines in these multiplets can give a measure of the TSI in H 2 O, i.e., of the relative populations of ortho-and para-water, much as in the 17 O spectrum of H 2 17 O, or in the 13 C spectrum of the 13 CH 2 group in partially deuterated ethanol CD 3 13 CH 2 OD. We therefore explored the possibility of using reactions like in Fig. 6 to observe the binomial distribution of the triplet of the CH 2 protons. We explored the kinetics of the addition of H 2 O onto two different substrates: chloral diluted in acetonitrile and 1,3-dichlorotetrafluoroacetone diluted in dioxane. The main requirement is that the reaction must be faster than the relaxation of the TSI and its decay due to proton exchange. The rate constants found using pseudo-first-order kinetic equations are reported in Table 3 17 O spectrum in a few seconds, making this method a valid alternative to the use of a chemical reaction. Again, deviations from the binomial distribution of the intensities of the spectral lines should provide the information needed to assess the lifetime of the TSI and hence of para-water.
We have optimized the most critical aspects of the experimental scheme suggested in this paper. However, we were not yet able to perform complete experiments since our setup needs to be significantly adapted in order to support dissolution with dioxane.
Conclusions
We have proposed an experimental strategy to produce para-water on a macroscopic scale (i.e. with concentrations in the mM range). Provided that the CSA of the protons is sufficient to lift the degeneracy of the two spins in a frozen sample, we demonstrated that one can use DNP to enhance the population of the ground state of water molecules, thus generating a Triplet-Singlet Imbalance (TSI) that is expected to be a long-lived state analogous to parawater. We proved that the lifetime of water as a molecular entity can be extended up to a few minutes by dilution in aprotic solvents. Several detection strategies can be used either by performing a ''revealing'' reaction such as the addition of water to an aldehyde or another suitable substrate or by observing the 17 O NMR spectrum of water itself. It is also possible to monitor proton magnetization of water relaxing to equilibrium with two clearly distinct time constants to assess the lifetime of the TSI and hence the amount of para-water in the sample. Similar information can, in principle, be obtained by infrared spectroscopy. The detection of the para-water signal with long lifetimes may open the way to study slow transport phenomena such as flow, diffusion, and electrophoretic mobility. In these calculations we have neglected possible kinetic isotope effects on the rates.
